The deuterium isotope effect on product energy partitioning in the O Ϫ ϩH 2 particle transfer reaction is investigated in a crossed molecular beam experiment. Vibrational-state-resolved angular distributions are measured at six collision energies between 0.20 and 0.77 eV for the O Ϫ ϩH 2 reaction and at seven collision energies between 0.22 and 1.20 eV for the O Ϫ ϩD 2 reaction. The fraction of the total available energy deposited into product vibration is significantly larger in the deuterium system than in the hydrogen system. This effect is greatest at the lowest collision energies where OD Ϫ products are formed with more than twice as much vibrational energy as OH Ϫ products. The isotopic systems display similar trends in the product angular distributions, which extend over the full range of scattering angles at low energies and shift towards the forward direction as the collision energy is increased. These observations are discussed in terms of a competition between reaction mechanisms. An insertion-migration mechanism, yielding products with moderate vibrational excitation, is especially important at the lower energies. The insertion process leads to the isotope effect in the product energy partitioning which is explained in terms of Franck-Condon factors. As the energy increases, larger impact parameter collisions are able to proceed through a direct mechanism, yielding more tightly forward-scattered, vibrationally excited products. Since direct mechanisms show isotopically independent energy partitioning, the overall isotope effect diminishes with increasing energy as more collisions become purely direct. Bimodal rotational state distributions help strengthen the claim that two distinct reaction mechanisms produce the particle transfer product.
INTRODUCTION
Isotopic substitution has been used successfully to probe chemical reaction dynamics, providing insight into the nature of the potential energy surface and the factors that determine the course of reaction. 1 Within the Born-Oppenheimer approximation, the electronic potential energy remains essentially unchanged by isotopic substitution; however, the energy of the quantum states associated with relative motion of the nuclei is altered. The greatest effects are observed when hydrogen atoms are replaced by deuterium atoms, as this causes relatively large changes in the vibrational frequencies and therefore in the zero-point energies. 2 Determination of the change in reaction rate upon isotopic substitution, or kinetic isotope effect, can provide information on the entrance channel of the potential energy surface as well as mechanistic data. According to transition state theory, the reaction rate is determined by the difference between the zero-point energies of the reactants and transition state; if isotopic substitution significantly changes this energy difference, the magnitude of the kinetic isotope effect will be large. 3 In addition to operating on the reaction rate, the isotope effect may influence the product energy partitioning. The shifting of energy among product modes brought about by isotopic substitution supplies information about the nature of the potential energy surface and molecular interactions in the exit channel. Recent experimental studies have shown evidence of dynamic isotope effects on product energy partitioning. Using mass-analyzed ion kinetic energy spectrometry techniques, Rhee and Kim 4 investigated isotope effects in the unimolecular dissociation of CH 2 OH ϩ and found that the kinetic energy release and product rotation depend on the position of deuteration. They argue that this effect is too large to be explained by the differences in zero-point energy; instead it arises from changes in the symmetry of the minimum energy path near the transition state caused by the mass change upon deuteration. Butkovskaya and Setser 5 examined reactions of OH and OD with HCl by observing the infrared chemiluminescence from the H 2 O and HOD produced in a fast-flow reactor. A strong isotope effect was found for the energy disposal; the H-O stretching mode in the HOD product was excited as expected, but the H 2 O product was formed vibrationally cold. The authors suggest that the slightly greater exoergicity for the OD reaction, as well as the lower zero-point energy along the reaction path, may strengthen the coupling to the OH stretching mode of HOD. Conversely, quantum restrictions arising from the low density of vibrational-rotational product states reduce the strength of the coupling in H 2 O. Setser 6 has also reported an isotope effect on the vibrational energy disposal in reactions of Cl with HBr and DBr. A larger fraction of the total energy was deposited into product vibration for the DBr system. No definitive explanation for this observation was given, but it was suggested that fortuitous quantum effects that arise from the product vibrational-rotational energy level spacings and low available energy in the system might be responsible.
The reaction of O Ϫ with molecular hydrogen and its isotopomers provides an excellent opportunity to examine dynamical theories on accurate potential energy surfaces and to compare these theories with high-resolution experimental studies. The reaction channels accessible to the system at low collision energies are particle transfer and associative electron detachment, Associative detachment is the predominant reactive process, especially at very low collision energies. In drift tube measurements at near-thermal energies, Parkes 8 found the total reaction rate constant of the hydrogen system to be 7.33 ϫ10 Ϫ10 cm 3 molecule Ϫ1 s Ϫ1 and the branching ratio of associative detachment to particle transfer to be 0.96:0.04. For the deuterium system, the total rate constant was determined to be 4.9ϫ10
Ϫ10 cm 3 molecule Ϫ1 s Ϫ1 with a branching ratio of 0.98:0.02. With increasing collision energy the rate of the associative detachment reaction decreases sharply. However, the total rate of O Ϫ destruction is independent of collision energy over the range from thermal to 0.9 eV; 9 the decrease in the rate of the associative detachment reaction is completely accounted for by a rapid increase in the particle transfer rate. Particle transfer eventually becomes the favored reaction channel at energies above approximately 0.8 eV in the hydrogen system and 1.1 eV in the deuterium system. 9 Previous experimental studies have examined the effects of isotopic substitution on the chemical reactivity in this system. Parkes 8 found the ratio between the hydrogen and deuterium rate constants for the associative detachment reaction to be 1.45. It was noted that this is very nearly the ratio that would be expected if the reaction probability were isotopeindependent. In such a case, the rate of reaction would be governed by the ion-induced dipole collision rate and the ratio between the isotopic systems would be 1.34, the square root of the reduced mass ratio. However, the rates of the particle transfer reaction differ significantly for the two isotopic systems. The hydrogen transfer reaction proceeds at a rate 3.5 times that of the deuterium transfer reaction, suggesting that isotopic substitution affects the probability of emerging from this channel. 13 The branching ratio between electron detachment and particle transfer is controlled both by transit time through the saddle point region and the nature of the bending motion of the OH Ϫ¯H complex. In the low energy limit, particle transfer will occur for only those trajectories that follow the minimum energy reaction path and maintain a collinear geometry.
In our previously published work on the deuterated system 14,15 we measured differential cross sections for the particle transfer reaction over the collision energy range 0.25-1.20 eV and resolved the angular distributions for individual vibrational states of OD Ϫ . We have continued our examination of this dynamically rich isotopic system with an investigation of the particle transfer reaction for the hydrogenated system over the collision energy range of 0.20-0.77 eV. In this paper we present a full account of the vibrational energy disposal and product angular distributions for reactively scattered OH Ϫ for each of six collision energies. A comparison of the isotopic systems yields evidence of an important dynamic isotope effect on the product energy partitioning. The fraction of the total available energy that enters product vibration is significantly higher in the deuterium system than in the hydrogen system. We discuss the origins of this anomalous isotope effect and the role of the potential energy surface in product energy disposal in these systems.
EXPERIMENT
The crossed beam apparatus used for these experiments has been described in detail in previous publications. 16 In addition, the specific operating conditions for the O Ϫ ϩD 2 experiments have been reported recently. 14, 15 The operating conditions for the O Ϫ ϩH 2 experiments were very similar; therefore, only a brief overview of the experimental method will be provided here. The O Ϫ ions were produced by electron impact on N 2 O at a pressure of approximately 0.01 Torr and were formed into a beam by a magnetic mass spectrometer. The ion beam laboratory energy distribution was nearly triangular in shape with a full-width at half-maximum of ϳ0.25 eV. The beams intersected at 90°at the center of the collision chamber, which was maintained at 10 Ϫ7 Torr with oil diffusion pumps. The scattered products were energy and mass selected using a rotatable electrostatic energy analyzer with a laboratory resolution of 0.07 eV in conjunction with a quadrupole mass filter capable of single mass unit resolution. A dual microchannel plate ion detector accomplished actual product detection. Data were collected with a computer controlled multichannel scalar synchronized with the beam modulation. The energy scale was calibrated at the beginning and end of each experiment by resonant charge transfer from NO Ϫ , also produced by electron impact on N 2 O, to NO expanded supersonically in the crossed beam. This calibration procedure generated a low energy marker at the energy of the NO neutral beam, ϳ0.09 eV. All experimental data were duplicated and experiments in which the energy of the primary ion beam drifted by more than 0.05 eV were discarded. At each collision energy, laboratory kinetic energy spectra were obtained for a set of 10-16 fixed lab scattering angles. Each energy spectrum consisted of either 80 or 120 points, with typical energy bin widths of 0.02-0.03 eV. This procedure resulted in data sets consisting of 800-1920 data points covering laboratory velocity space.
RESULTS AND ANALYSIS
The laboratory flux distributions were transformed to the center of mass coordinate system with a pointwise iterative deconvolution procedure 18 to recover the unique center of mass cross section I c.m. (u,). As described in detail in previous publications from our laboratory, 19, 20 the energyindependent differential cross section was recovered from the lab data by inverting the transformation relation ͑3͒ with concomitant removal of the dispersion of the beam velocities,
The summation extends over a grid of N Newton diagrams that represent the dispersion in the beam velocities and intersection angle; the ith diagram is weighted by the value f i . A grid of 125 Newton diagrams, five in each reagent beam and five in the intersection angle, provides a thorough average over the dispersion in initial conditions. The extracted center of mass cross section, when transformed back to the laboratory coordinate system with suitable averaging over the beam widths, regenerates the experimental data within a standard deviation of 4%-8%. Representative center of mass flux distributions of the OH Ϫ and OD Ϫ products are plotted as a function of the polar coordinates u and in Figs. 1-3 and 4-6, respectively. Dispersions in the beam velocities and collision angle and the finite resolution of the detector often lead to the ''spill'' of a small fraction of the center of mass flux outside of the boundaries defined by energy conservation. The tight kinematics of these systems, which result from the disparity in the masses of the reactants, restrict the products to fairly small regions of laboratory space. This kinematic compression of the data tends to emphasize the ''spill,'' especially at low energies.
Representing the center of mass flux in this manner permits qualitative assessment of the reaction dynamics. As evident from the figures, the product distributions of the two isotopic systems evolve in a similar fashion, and the extent of the product vibrational excitation increases for both as the collision energy is increased. At the lowest energies ͑0.25 eV and below͒, the distributions are quite broad and extend through the entire range of scattering angles for both systems. This behavior indicates that the collisions leading to particle transfer at these energies are governed by strong interactions among all three particles on a time scale comparable to the rotational period of the transient ͓H 2 O Ϫ ͔ complex. There is significant backward scattering especially in the deuterium system where a sharp peak develops at 180°in the center of mass frame corresponding to products formed in the vЈϭ0 state. This provides evidence for the critical role that collinear collisions play in traversing the region of the potential where electron detachment occurs. 14 In the hydrogen system the distributions are broader and lack the distinct peak in the backward direction. The tighter kinematics in the hydrogen system coupled with the finite detector resolution may preclude the observation of this feature. However, the fraction of products scattered into the forward direction ͑0р Ͻ/2͒ for each of the two systems is very similar; in the 0.25 eV experiments, 62% of the reactive products are forward scattered in O Ϫ ϩH 2 while 65% are forward scattered in O Ϫ ϩD 2 . As the collision energy is raised, the flux distributions begin to shift further into the forward direction. By 0.47 eV, 70% and 80% of the products are forward scattered for the hydrogen and deuterium systems, respectively. The OH Ϫ product angular distributions remain broader than the OD Ϫ distributions at these midrange collision energies. At the highest collision energies the distributions are extremely asymmetric with respect to the relative velocity bisector, indicating that products are formed in direct events that produce forward scattering. As evident in Figs. 3 and 6 there is some structure in the small amount of backward scattering seen at these highest energies; sharp spikes of intensity appear at approximately 150°in both systems. The products of both systems are formed with significant amounts of vibrational excitation as well.
The vibrational state populations were calculated for both systems by integrating the differential cross section, determined directly from the deconvolution of the laboratory data, over all center of mass scattering angles and over the range of center of mass speeds accessible to the specific vibrational state,
In addition, the deconvoluted center of mass fluxes for O Ϫ ϩD 2 were fitted to a series of Gaussian functions representing the contributions from individual vibrational states to extract the vibrational state populations. 14, 15 This extensive fitting procedure yielded vibrational state populations that are in very good agreement with the populations determined by the energy integration method. The vibrational state populations determined by the energy integration procedure are shown in Fig. 7 for both isotopic systems. Over the entire energy range the probability of populating an excited vibrational state is significantly lower for the hydrogen system than the deuterium system. At very low collision energies most of the OH Ϫ products are formed in the ground vibrational state. As the collision energy is raised the OH Ϫ product vibrational excitation increases monotonically. In the deuterium system the first excited vibrational state is significantly populated even at the lowest energies. Again there is a consistent shift in the population from vЈϭ0 to vЈϭ1 over the low energy range, but it is much less dramatic than in the hydrogen system. At energies above 0.37 eV an inversion in the OD Ϫ product state distributions is evident. The most probable vibrational state is consistently one quantum lower in energy than the highest accessible state. While some difference in the vibrational state distributions is expected be- and OD Ϫ isotopes, the extent of the variation present here suggests a deeper dynamical origin which will be discussed in detail later.
It is also instructive to consider the fraction of the total available energy appearing in product vibration as defined as
where P(vЈ) is the probability of observing a vibrational state of energy E(vЈ) and E total is the total energy available to the system. As presented in Fig. 8 , the behavior of f v Ј differs markedly between the isotopic systems. The value increases sharply from 5% to 17% over the lowest three energies in the hydrogen system then continues to rise at a somewhat slower rate to 40% at the highest energy. In the deuterium system f v Ј remains fairly constant at 25%-30% for the lowest collision energies but increases to 60% at the higher energies. Again, this provides valuable insight into the subtle dynamics at work in this isotopic system.
DISCUSSION
The experimental data for the particle transfer reaction of O Ϫ ϩH 2 and D 2 show a distinct isotope effect in the product energy partitioning. The fraction of the total available energy deposited into product vibration is significantly larger in the deuterium system than in the hydrogen system ͑Fig.
8͒. While this isotope effect is present over the entire range of collision energies, it is more pronounced at the lowest energies. The existence of the isotope effect provides important dynamical information and further insight into the nature of collisions that lead to reaction in this system at relatively low collision energies. The discussion will concentrate on the relationship of the experimental data to specific features of the potential energy surface and possible origins of the isotope effect on product energy partitioning.
In the classical limit, the dynamics of a reaction are unchanged if the masses of all species in the collision process are scaled by a common factor. 21 Upon such scaling the Lagrange equations for the velocity of each mass are multiplied by the same constant factor. Therefore, the trajectories on the potential surface remain unchanged except for the speed at which they are traversed. This means that the energy distribution among the products must be invariant under mass scaling. When quantum effects are considered, this invariance is no longer rigorously valid but may still be a good approximation. 22 In instances where only one or two masses in a collision system are altered the classical theorem fails to hold. However, a wealth of empirical evidence of isotopic invariance in direct reactions of this type exists. Early work by Polanyi and co-workers [23] [24] [25] examined energy distributions among the reaction products of a number of isotopic systems including FϩH 2 , D 2 , which is considered the prototypical direct collision reaction. The mean fractions of the available energy entering product vibrational, rotational, and translational modes were found to be nearly identical for the sets of isotopic reactions. Further experimental 26, 27 of a significant isotope effect on the product energy partitioning.
For atom-diatom exchange reactions the product energy distributions depend only on the reduced masses of the system. 36 In specific cases where the reagent atom is relatively heavy with respect to the diatomic collision partner ͑HϩLL͒ or the transferred atom is light compared to the other atoms ͑HϩLH͒, the reduced masses describing these systems are governed by the mass of the light atom. Changing the mass of the light atom ͑or atoms͒ will have little effect on the product energy distribution if the reagent atom remains much heavier than the transferred atom. A proof of this isotopic invariance based on information theory has been given and applied to the analysis of the ClϩHI, DI reaction. 37 The vibrational surprisal (Ϫln͓P(vЈ)/P 0 (vЈ)͔), defined as the deviation in the observed probability of populating a given vibrational state, P(vЈ), from the a priori probability based on statistical expectations, P 0 (vЈ), has a simpler structure than the raw data. In the ClϩHI, DI reaction and others of its type, 35 a plot of the surprisal vs the fraction of the total energy required to populate a specific product vibrational quantum level, f v , is linear which implies that a single dynamic constraint determines energy disposal. The use of the reduced energy variable f v unifies the probability distributions and surprisal data for the two isotopic reactions thereby eliminating any isotope effect.
While the energy distributions in direct abstraction reactions are clearly insensitive to isotopic substitution, there may be evidence of an isotope effect on the product energy partitioning similar to what we observe in an insertion-type reaction. Extensive quasiclassical trajectory calculations by Ho et al. 38 appear to show an isotope effect on the product energy partitioning in the O( 1 D)ϩHD reaction. Vibrational state distributions and average product vibrational quantum numbers ͗v͘ are reported for trajectories run on a new ab initio potential energy surface as well as two other global surfaces. In all cases, the value of ͗v͘ determined for the OD products is significantly greater than for the OH products. While not explicitly stated in the paper, this corresponds to a larger average fraction of energy deposited into vibration of the OD product. The surface by Ho et al. 38 and the qualitatively similar ab initio Schinke-Lester surface 39 both favor a perpendicular insertion mechanism of O( 1 D) into H 2 . The trajectory calculations on these surfaces show the average fraction of energy deposited into vibration in OD is approximately 15% greater than in OH. The Murrell-Carter potential surface, 40 on the other hand, tends to favor a collinear approach leading to the formation of a loose complex. Interestingly, this surface, which was fitted to the H 2 O force fields and to empirical diatomic potentials, produces a greater isotope effect than the other two surfaces. The average fraction of energy in vibration in OD is approximately 40% greater than in OH. Unfortunately, there is no good theoretical description as of yet to explain these results.
A mechanism that involves the insertion of the O Ϫ ion into the stretched bond in the hydrogen or deuterium molecule could play a role in generating an isotope effect similar to what we observe in our data. Trajectory calculations of HϩXY systems by Polanyi and co-workers 41, 42 describe alternative insertion-migration and direct reaction dynamics in which two distinctive energy distributions are observed for a single product. While not exactly the same, the dynamics of our system may be explained by a competition between these mechanisms. In the insertion-migration mechanism the ion approaches the molecule collinearly and is attracted to the first hydrogen atom. In turn, this causes the hydrogen atoms to separate because of adiabatic deformation of the potential energy surface. 43 Since energy is liberated as the reagents approach in this early-downhill surface, a significant amount of energy is channeled into internal excitation of the complex thereby leaving little energy to separate the products. This allows time for the O Ϫ to rotate around the H atom in the region of the saddle point, causing a bending motion in the OH Ϫ¯H complex. The opportunity then exists for the ion to insert into the stretched H-H bond. In the process of insertion, the oscillating O Ϫ ion may become attracted to the second H atom and migrate to it. Reactions of this type have been shown to produce forward scattered, vibrationally excited products, 44, 45 but generally secondary encounters tend to broaden product energy and angular distributions. 46, 47 Insertion often excites the bending mode of the H-O-H complex, which leads to rotational excitation in the molecular product. When the release of repulsive energy is not wholly along the bond axis, as it may be if the complex is bent, the torque creates rotation at the expense of vibration. The time scale of reaction is extremely important in this system. Electron detachment may occur for bent complexes when the transit time through the critical region of the potential surface is comparable to the autodetachment lifetime.
A chemical reaction may be treated as a quantum transition from reactants to products. 48 The quasiadiabatic surfaces corresponding to the reactant state and the product state cross at a specific point; their interaction results in the electronically adiabatic potential energy surface for the reaction. In the Franck-Condon approximation the quantum transition takes place near the point at which the two surfaces cross. Berry, 49 Halavee and Shapiro, 50 and Schatz and Ross [51] [52] [53] have developed Franck-Condon treatments of sudden rearrangement processes in chemical reactions at varying levels of theory. In all three treatments the reaction probability for populating a particular product vibrational state is based on the extent of the overlap between the initial and the product state. Therefore, upon sudden separation of the newly formed products, the distance between the nuclei in the molecular product will determine the extent of vibrational excitation as a Franck-Condon-type transition occurs onto the surface corresponding to OH Ϫ ϩH. Since we assume that atom transfer occurs at a specific point on the potential surface, the nuclear distance in the forming molecule will be the same regardless of isotopic species. If the complex has an O-H bond distance greater than that of the diatomic OH Ϫ , the product will be formed with an extended bond corresponding to a vibrationally excited species. The vibrational distribution in the products will then be a function of the Franck-Condon factors for vibrational overlap. The overlap with high vibrational levels is better for the OD Ϫ product than for the OH Ϫ product, implying higher vibrational energies for the products of O Ϫ ϩD 2 than O Ϫ ϩH 2 .
To further quantify the isotope effect a surprisal analysis [54] [55] [56] of the O Ϫ ϩH 2 , D 2 vibrational distributions was performed. The measured state distributions were compared to prior distributions calculated from phase space theory 57, 58 in which equal weights are assigned to all states available to the system under conservation of energy and total angular momentum. The use of the reduced energy variable f v fails to align the surprisal data from the two isotopic systems at a specific total energy as commonly observed in isotopic systems. 35 Only at the highest collision energy studied for the D 2 system is the surprisal plot truly linear. This implies that a single dynamic constraint determines the energy disposal for this collision energy. When fewer vibrational states are accessible, as in the midrange collision energies, the surprisal plots show some deviation from linearity. Finally, at the lowest collision energies only two vibrational states are energetically accessible to the products. The surprisal plots are necessarily linear but provide inconclusive evidence of dynamical constraints determining energy disposal. Nevertheless, the best-fit slope of the surprisal plot, v , provides us with a one-parameter representation of the ''temperature'' of the vibrational distribution in order to compare the systems. A negative value for v indicates that the energy is preferentially deposited into vibrational modes. The larger ͉ v ͉, the more nonstatistical the distribution is. As shown in Fig. 9 , the value v decreases with increasing total energy for both isotopic systems indicating a ''warming'' of the vibrational distributions. While the rate of change of the surprisal slope with energy is fairly similar for the two systems, the actual values of v for OD Ϫ are significantly more negative. One additional point to be noted about the surprisal is that the slope extrapolates to positive values for both systems at zero energy, implying that a dynamical constraint places less energy into vibration than what would be expected statistically.
The experimental angular distributions also suggest that the reaction dynamics are determined by a competition between several mechanisms. At very low collision energies the angular distributions are broad with significant scattering into both the forward and backward hemispheres. The existence of sharply backward-scattered products confirms that collinear collisions play a critical role in traversing this saddle point region of the potential surface where bending motion leads to electron detachment. The product rebounds with little, if any, rotational excitation since the release of repulsive energy is directly along the bond axis. Additionally, there is very little vibrational excitation in these products, indicating that the saddle point may be relatively ''late'' on the potential surface. The broad forward scattering results from insertion-migration reactions in which the complex traverses the critical saddle point region of the potential surface in a bent geometry without undergoing electron detachment. The degree of vibrational excitation in the products varies; the vibrational state distributions of the OD Ϫ products show the onset of a population inversion while the OH Ϫ products are formed with more modest amounts of vibrational excitation. This isotope effect, described in terms of Franck-Condon factors for vibrational overlap, is greater than what is seen at the higher energies. At a collision energy of 0.25 eV the average fraction of energy in vibration is more than twice as large in OD Ϫ as in OH Ϫ . In general, at these low energies the presence of the electron detachment channel acts to divert trajectories from the particle transfer asymptote, which indirectly removes vibrational excitation from the product states. Since the probability of noncollinear trajectories leading to particle transfer is reduced, a greater fraction of products are formed through collinear collisions. As described above, collinear collisions proceed through a rebound mechanism that does not place excess energy into vibration in this system. The average vibrational energy content of the products is therefore reduced. Extrapolating to zero energy, all products will be backward scattered with less vibrational energy than statistically expected. The surprisal plots determined for our data are consistent with this interpretation.
As the collision energy is increased, the ratio of the transit time to the autodetachment lifetime decreases; consequently, a greater number of collisions result in atom transfer instead of electron detachment. 8 The product angular distributions begin to shift away from the backward toward the forward direction. At midrange collision energies the insertion-migration mechanism is still dominant, but the diminishing magnitude of the isotope effect indicates the onset of direct dynamics. Incremental reagent translational energy is partitioned into product vibrational energy in both systems, but at 0.47 eV the average fraction of energy in vibration in OD Ϫ is 65% greater than in OH Ϫ . The direct abstraction reaction becomes increasingly important at the higher energies. The forward peak in the angular distributions becomes very sharp; this is characteristic of an impulsive mechanism such as spectator stripping 59, 60 where the O unchanged. The vibrational state distributions also become highly inverted. Comparing the two systems at the highest collision energy studied in the hydrogen system ͑0.77 eV͒, we estimate that the average fraction of energy in vibration in OD Ϫ is only 25% greater than in OH Ϫ . Further evidence in support of the role of two dynamically different particle transfer channels comes from the product rotational state distributions. The rotational energy level spacing is less than the resolution of the energy analyzer so we are unable to extract full rotational state distributions. However, from the translational energy distribution we can construct the approximate range of rotational levels populated for each product vibrational state and indicate whether the distribution shows a single maximum or is bimodal. We have observed evidence of bimodal rotational state distributions in both systems over a wide range of collision energies, but the clearest data are in the deuterium system, which has more favorable kinematics. The kinetic energy data for the 0.30 eV deuterium experiment shown in Fig. 10 provide an illustration of the nature of these bimodal distributions. At this energy the distributions appear to show two peaks in each vibrational state throughout much of the center of mass angular range; the bimodal behavior is particularly evident in the data from 60°to 90°. There appear to be three peaks in the data for the vЈϭ1 state between 150°a nd 180°; however, the structures fall within the error bars preventing any definitive statement about the distribution from being made. The error bars assigned to the data are quite conservative and show that the bimodal structures in the distributions are at the reliability limits of the data. To test the reliability of the rotational distributions, the center of mass flux has been binned into smaller angular widths of 5°i nstead of the 30°widths shown in Fig. 10 . The structures appear at several scattering angles in the laboratory data and are not just artifacts of a single data set. The consistency of the data taken at different scattering angles strengthens the claim that the bimodal distributions are real.
Bimodal distributions are often a signal that two dynamically different mechanisms are at work forming the same product. 42 Distinct reaction paths across the same potential surface will result in different outcomes, especially involving energy partitioning. It is tempting to attribute the higher jЈ peak to a migration mechanism since the release of repulsive energy probably occurs while the complex is bent, resulting in rotationally excited products; the lower jЈ peak would then correspond to the direct abstraction mechanism. However, the kinetic energy distributions have nearly identical ranges of rotational energy levels excited for all of the collision energies and there is no strong angular dependence on the product rotational state. The softening of the repulsive wall as shown in the ab initio calculations 12 may result in a saturation of the torque exerted on the separating products and thus the rotational excitation with increasing energy. If so, the range of rotational levels excited could be similar. The lack of angular dependence on the product rotational state can not be easily explained; we would expect the higher jЈ products formed by migration to be predominantly forward scattered. Since our molecular reagents are formed with a range of rotational levels populated, our scattering results are effectively averaged over several states. We would need a cleaner rotational state selection method, such as using much higher backing pressures or p-H 2 , in order to examine this effect more closely. While a definite origin of the bimodal rotational state distributions is not known, they provide support for the existence of two mechanisms in this reaction system, one in which the energy release is from a bent complex and one in which it is from a more collinear one. A more detailed analysis of the product rotational energy distributions for these systems will be presented in a forthcoming paper.
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CONCLUSIONS
The O Ϫ ϩH 2 system is unusual in the sense that energy partitioning among the product modes is not isotopically invariant. The experimental data presented on the particle transfer reaction over the range of collision energies from 0.20 to 1.20 eV show that the fraction of the total available energy deposited into product vibration is significantly larger in the deuterium system than in the hydrogen system. This anomalous effect is greatest at the low energies where OD Ϫ products are found with twice as much vibrational energy as the OH Ϫ products. Increasing the collision energy decreases the magnitude of this effect to approximately 25% at 0.77 eV. While a direct abstraction reaction appears to govern the dynamics of the highest energies, such a mechanism has been shown to have isotopically independent energy partitioning. We propose that an insertion-migration reaction also contributes to the dynamics, especially at lower energies, and the insertion of the O Ϫ into the stretched H-H bond leads to the isotope effect in the product energy partitioning. If atom transfer occurs suddenly from a specific point on the potential energy surface, the O-H and O-D internuclear distance will be the same and Franck-Condon factors will determine the vibrational state distributions in the products. The over-
FIG. 10. Kinetic energy distributions P(E T Ј) for OD
Ϫ products formed at a collision energy of 0.30 eV integrated into 30°angular ranges. The vertical lines correspond to the energy at which the products recoil when OD Ϫ is produced in a specific vibrational state with no rotational energy. Error bars are indicated.
lap with high vibrational levels will be better for the OD Ϫ product than for the OH Ϫ product, which translates to more vibrational energy in the OD Ϫ products. The observed angular distributions argue persuasively for a competition between insertion and direct abstraction. At very low collision energies the angular distributions are broad with significant scattering into both the forward and backward hemispheres. A direct rebound reaction is responsible for products scattered sharply into the backward direction with little internal energy, while the insertion reaction produces forward scattered products with some vibrational excitation. As the collision energy increases, direct reactions become more important because of the diminishing influence of the shape of the potential surface. The product distributions in both systems shift toward the forward direction and significant amounts of energy are deposited into product vibration. The discovery of bimodal rotational state distributions strengthens the claim that two distinct reaction mechanisms produce the atom transfer product. The higher jЈ peak is the result of repulsive energy release while the complex is bent, as may be the case in an insertion reaction. The lower jЈ peak corresponds to energy release in a more collinear configuration as in a direct abstraction reaction.
The intriguing isotope effect on the product energy partitioning reported here provides important information on this simple ion-molecule system with relatively complex dynamics. There are no other reports in the literature of systems displaying isotope effects similar in magnitude to what we see here. This suggests that specific aspects of the system itself, including the existence of the electron detachment channel, play a critical role in determining product energy partitioning. This work, coupled with the extensive data previously reported on this system, provides an extremely detailed picture of the reaction dynamics. To gain a more complete understanding of this system, dynamical calculations must be performed on a potential energy surface that accurately describes the critical regions of the saddle point and the repulsive corner. We hope that this work will stimulate such calculations.
